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We have discovered that a novel chiral structured surface relief (termed 'conch'-shaped surface relief) with a 
height of over 1 \im can be formed in an azo-polymer film merely by employing circularly polarized optical 
vortex irradiation with a total angular momentum of / = ±2. The temporal evolution of the conch-shaped 
surface relief in the azo-polymer film was also observed. The results provide physical insight into how the 
angular momentum of light is transferred to a material through mass transport by cis-trans 
photo-isomerization. Such conch-shaped surface reliefs with chirality, in which functional chemical 
composites can be doped, enable new applications, such as planar chiral metamaterials, plasmonic 
holograms, and identification of chiral chemical composites. 

Surface relief holograms 1 " 3 on azo-polymer films have been widely investigated through mass transport 
owing to a driving force based on an optical gradient force, anisotropic photo-fluidity, and cis-trans photo- 
isomerization 4-6 . They allow for unique optical devices, such as active waveguides 7 and photonic circuits, by 
the doping of functional chemical composites, such as laser dyes and metal (or semiconductor, magnetic) nano- 
particles into the films. 

In general, the mass transport driving force acts to direct the azo-polymer from a bright fringe toward a dark 
fringe along the polarization direction of the light. Thus, a spiral surface relief formation in the azo-polymer film is 
mostly inhibited by the irradiation of linearly polarized light. 

An optical vortex, i.e. light with a helical wavefront due to an azimuthal phase singularity, exp(/m</>) (where m is 
an integer known as the topological charge), has been widely studied in a variety of fields, such as optical trapping 
and guiding 8 " 10 , optical telecommunications 11 , and a super resolution microscope 1213 , because of its unique 
characteristics, such as its annular intensity profile and orbital angular momentum, mh 14 ~ 17 . 

Recently, Ambrosio et.al. demonstrated spiral surface relief (termed "spiral relief in their work) formation 
produced through linearly polarized higher-order optical vortex irradiation 18 . Tightly focused higher-order 
optical vortices can create a spiral surface relief with a shallow depth (10 — 20 nm) through slight mass-transport 
along an azimuthal direction owing to interference between longitudinal and transverse optical fields. However, 
there are still no reports on a single-arm chiral surface relief with depth and height on the micro-scale formed in 
azo polymer films, so far. 

Circularly polarized light with a helical electric field exhibits spin angular momentum, sh. Thus, the circularly 
polarized optical vortex has a total angular momentum (the sum vector of the orbital and spin angular momenta), 
;7z, associated with its helicities of both the wavefront and the polarization 19 " 21 . These angular momenta of light are 
evidenced by the orbital and spinning motions of trapped particles in optical tweezers. 

Recently, together with another co-worker, we first demonstrated the formation of chiral metal nanostructures 
by irradiation with circularly polarized optical vortex pulses 22 " 25 . This phenomenon originated in the orbital 
angular momentum of the optical vortex being transferred to the melted metal upon irradiation, forcing it to 
revolve around the axial core of the optical vortex. The spin angular momentum of the circularly polarized optical 
vortex then reinforced the chiral structure of the thus created nanoneedle. 

In this paper, we present the first demonstration, to the best of our knowledge, of a single- arm chiral surface 
relief (we have termed this a conch-shaped surface relief) with a height of over 1 um formed in an azo-polymer 
film using a lower-order optical vortex with a small dark core, utilizing the spin angular momentum associated 
with the circular polarization. We also address the temporal evolution of the conch- shaped surface relief in the 
azo-polymer film. Such conch-shaped surface reliefs have the potential to be used to create new optical devices, 
including planar chiral metamaterials 26 ' 27 and plasmonic holograms 28 . They also potentially enable identification 
of the chirality of chemical composites at the nanoscale 29 " 31 . 



SCIENTIFIC REPORTS | 4:4281 | DOI: 1 0.1 038/srep04281 



1 



1.37fim 



1.25|im 




Polarization 
< > 



lOjim 
Polarization 



< > 



(a) y=l (m=l) (b)7=-l (m=-l) 

Figure 1 | (a), (b) AFM images of the surface relief formed by optical vortex irradiation with / = ±1. 



Results 

Figure 1 shows an atomic force microscope (AFM; SHIMADZU, 
SPM-9700) image of a surface relief formed by irradiation with a 
linearly polarized optical vortex beam having a total angular 
momentum, jh = ±IH (orbital angular momentum, mh = ±lh 
and spin angular momentum, sh = 0). 

Spiral surface relief formation with a shallow depth obtained in a 
previous study 18 was ascribed to interference between the longit- 
udinal and transverse optical fields created by tight focusing with a 
high numerical aperture (NA = 1.3) objective lens. In our present 
experiments, the numerical aperture of the objective lens was too low 



to sufficiently produce a longitudinal optical field. Thus, the mass 
transport driving force acts to direct the azo-polymer toward the 
dark core along the polarization direction of the light, thereby cre- 
ating only crescent surface reliefs in the azo-polymer film. 

To suppress the polarization dependence of the mass transport 
driving force, we introduced a quarter-wave plate placed in the 
optical path so as to convert the linearly polarized optical vortex to 
a circularly polarized optical vortex. The sign of the orbital angular 
momentum was then the same (or opposite) to that of the spin 
angular momentum. The resulting total angular momentum of the 
optical vortex was characterized by j = ±2 (or j = 0). To reverse the 
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Figure 2 | (a) Temporal evolution of the surface relief with a clockwise-arm chiral structure formed by circularly polarized optical vortex irradiation with 
j = 2. (b) Temporal dynamics of chiral surface reliefs formed by circularly polarized optical vortex irradiation with j = ±2. 
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Figure 3 | (a), (b) AFM images of surface reliefs formed by optical vortex irradiation with j = 2 (m = 1, s = 1) and j = — 2 (m = — 1,5= — 1) respectively, 
(c), (d) AFM images of surface reliefs formed by optical vortex irradiation with j = 0 (m = 1,5= — 1) andj = 0 (m = — 1,5 = 1) respectively, (e) AFM 
image of surface relief formed by optical vortex irradiation with j = 7 (m = 6, 5 = 1). (f) In the conch-shaped relief, the dump (hollow) 
is shown in red (blue) . The volume of the red region was within 0.001 (am 3 of that of the blue region, (g) Microscope image of surface relief before uniform 
green laser irradiation, (h) Microscope image of surface relief after uniform green laser irradiation. 



sign of j, the spiral phase plate and the quarter- wave plate were also 
inverted. The vortex beam was focused into a annular spot on 

the azo-polymer film using an objective lens (NA ~ 0.65) system, and 
its power was measured to be approximately 600 |iW. The corres- 
ponding intensity of the focused vortex beam was estimated to be 
— 1.2 kW/cm 2 . The morphology of the azo-polymer surface during 



exposure of the optical vortex beam was observed by a computer- 
based digital CCD camera. 

As shown in Fig. 2, in the case of j = +2, a surface relief with a 
clockwise- arm chiral structure (clockwise conch) was formed within 
an irradiation time of 5 seconds. The exposure energy density 
required for the conch-relief formation was ~6 kj/cm 2 , which is 
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comparable with the energy density (—18 kj/cm 2 ; power, —5 uW; 
spot size, ~(|)3.2 um; exposure time, —90 seconds) required for 
spiral relief formation using the focused vortex beam reported in 
the previous publication 18 . 

Subsequently, the relief revolved axially in a clockwise direction. 
The initial rotation speed of the relief, defined as the time required for 
the relief tail to make one revolution, was estimated to be —2 sec/ 
cycle. The rotation of the surface relief was damped within several 
seconds, so as to complete the relief formation. Figures 3 (a) and (b) 
show AFM images of conch-shaped reliefs formed by optical vortex 
irradiation. 

When the sign of j was inverted, a counter-clockwise conch- 
shaped relief was also completed, and it revolved axially in the 
counter-clockwise direction. The height and diameter of the formed 
relief were measured to be 1.3 |im and 4.5 urn, respectively. The tip 
curvature was also measured to be —0.5 um. 

In contrast, the conch-shaped relief was not formed when using 
optical vortex irradiation with a total angular momentum j = 0 (m = 
± 1, s = +1) (Fig. 3(c), (d)). When the higher-order optical vortices 
(m = 6) with larger dark cores were used, chiral conch-shaped relief 
formation was similarly prevented despite the spin angular 
momentum (Fig. 3(e)). A resulting non-chiral bump with a height 
of 1 — 2 urn was formed. These results indicate that the formation of 
the conch- shaped relief requires circularly polarized lower- order 
vortices with non-zero total angular momentum. A resistance force, 
such as viscosity, might force the azo-polymer to be confined within 
the narrow outer regions of the higher- order optical vortex, and thus 
preventing its orbital motion. The low light intensity due to the larger 
inner core of the optical vortex might also impact the orbital motion 
of the azo-polymer. 

To fully understand the reason why higher- order vortices cannot 
create chiral conch-shaped reliefs, further investigation is needed. 

Discussion 

Mass -transport owing to the photo -isomerization occurs at a tem- 
perature below the glass transition temperature of the polymer, 
meaning that the polymer volume before and after the relief forma- 
tion remains unchanged 32 . In the conch-shaped relief, the volume of 
the dump was within 0.001 um 3 of that of the hollow (Fig. 3 (f)), thus 
evidencing that the mass transport of the azo-polymer from the 
hollow to the dump preserved the polymer volume during relief 
formation. In addition, the conch-shaped relief was erased by irra- 
diation with a spatially uniform green laser (0.36 W/cm 2 ) for an 
exposure time of 50 minutes (Fig. 3 (g), (h)). These results indicate 
that it is not heat-induced effects (melting, expansions, ablation etc.), 
but rather photo -isomerization that predominantly induces conch- 
shaped relief formation. 

The optical intensity profile \u m (r)\ 2 of the optical vortex with 
orbital angular momentum, m, and spin angular momentum, s, is 
given by 



\u m (r)\ 2 = 





' 2r 2 \ 











(1) 



where r is the radial coordinate in cylindrical coordinates and co 0 is 
the beam waist. The spatial distribution of the total angular 
momentum density, J m , s (r), is then written as 

t t \ \ I |2 1 <3|W | 2 \ 

7m,s(r)oc8 0 < wm-\u m , s \ --co-s-r — ( 2 ) 

where 8 0 is the dielectric constant of a vacuum, and co is the lasing 
frequency of the optical vortex. 

Under the assumption that the spatial distribution of cis isomers 
created by photo -isomerization is determined by the optical intensity 
profile, we investigated the spatial overlap, r\ m ^ between the total 
angular momentum density, J m , s (r), and the optical intensity profile, 
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Figure 4 | Simulated total angular momentum density of the circularly 
polarized optical vortex with (a) j = 2 (m = 1,5= 1) and (b) j — 0 (m — 1, 
s = — 1). (c) Spatial intensity profile of the circularly polarized optical 
vortex. 

I u m (r)\ 2 , to evaluate the efficiency of the angular momentum transfer 
from the optical field to the cis isomers. Here, r\^= m + s ) is defined as, 

f Jj(=m+s) = 2n ^Jm,s( r )'\ u m\ 2 rdr (3) 

By substituting m = 1 into Eqs. (l)-(3), the general relationship of 
the angular momentum transfer ratio, r(s) (defined as f]j = 1 + Jr\j = o) 
= 2 + s, is established. Thus, the angular momentum ratio r(l)( = rjj 
= iMj = o) is estimated to be 3. As shown in Fig. 4, in the case of / = 2, 
the angular momentum of the optical vortex appears within the 
optical field, and is transferred efficiently to the cis (soft) isomers 
so as to revolve and form a chiral relief. In contrast, when; = 0, the 
angular momentum is localized near the dark core of the optical 
vortex, where the azo-polymer is mostly trans (solid). Thus, 
conch- shaped relief formation originating from angular momentum 
transfer is prevented. 

These experimental results suggest the following mechanism. 
Photo -isomerization of the azo-polymer occurs as a result of the 
optical vortex irradiation. Subsequently, the resulting cis (soft) azo- 
polymer receives the orbital angular momentum of the optical vortex 
with the help of the spin angular momentum associated with the 
circular polarization, revolving in a clockwise (or counter-clockwise) 
direction. Following this, the cis (soft) azo-polymer is directed 
toward the dark core of the optical vortex by the mass transport 
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driving force. The azo -polymer then turns back from cis (soft) to 
trans (hard) so as to form the conch- shaped structure. 

In conclusion, we have achieved the first demonstration of conch- 
shaped chiral surface relief formation with a height of >1 urn 
formed in an azo-polymer film by using a circularly polarized optical 
vortex with a total angular momentum jh = ± 2h. The formation of 
the conch-shaped surface relief requires circularly polarized optical 
vortices with non-zero total momentum. 

We also directly observed that the cis (soft) azo-polymer produced 
by photo -isomerization receives the orbital angular momentum of 
the optical vortex, revolving in a clockwise (or counter-clockwise) 
direction, so as to form a conch-shaped surface relief. The chirality 
(spiral direction) of the conch- shaped surface relief can be controlled 
by merely varying the sign of the total angular momentum, ;7z, of the 
optical vortex. 

These phenomena mainly originate because the orbital angular 
momentum of the optical vortex with the help of the spin angular 
momentum forces organic materials, such as the azo-polymer, to 
form chiral nano-structures. 

Azo-polymers containing impurities, such as functional chemical 
composites (e.g., laser dyes) and metal (or semiconductor, magnetic) 
nanoparticles, can potentially be used to create unique optical devices 
such as planar chiral photonic devices as well as high-dimensional 
and hierarchic structures. In addition, they can also be covered with a 
thin metal film through a sputtering process to serve as chiral plas- 
monic devices and metamaterials, such as plasmonic holograms. 
They will also enable us to selectively identify chiral chemical 
composites. 

Methods 

The spin-coated azo-polymer film (mostly the trans isomer) used in this study was 
formed from a Poly-Orange Tom- 1 (POT) 33 with the absorption band in the wave- 
length range of 300-550 nm, and its thickness was measured to be ~4 urn. The azo- 
polymer exhibits a photo -isomerization behavior upon green laser irradiation. 

A continuous-wave frequency- doubled Nd:YV0 4 laser with a wavelength of 
532 nm was used, and its output was converted to be a linearly polarized first-order 
optical vortex (m = 1) with an annular intensity profile by a polymer spiral phase 
plate (RPC photonics, VPP- lc) providing an azimuthal 2n phase shift 34 . To generate a 
higher-order optical vortex with a topological charge, m, of 6, a computer-generated 
hologram displayed on a spatial light modulator (Hamamatsu photonics, XI 0468-03) 
was used. With this system, the mode conversion efficiency from the Gaussian output 
to the vortex output was measured to be —50%. All experiments were performed with 
an exposure time of 12 seconds at room temperature and atmosphere. 
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